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This work was initially based on the casual observation of an electrostatic phenomenon, in which par-
ticles of amorphous silica were attracted by a dc electrical field. The first observations were recently
shown in a communication in this journal. To explain the electrical charge transport process observed
in this work, all forces acting on silica particles were estimated and the significant ones were used
to formulate a model made up of three elementary steps. Analyzing the experimental observations
using this model, it was possible to suggest that electrons can be introduced into and removed from
electronic bands of water. © 2011 American Institute of Physics. [doi:10.1063/1.3597777]
I. INTRODUCTION
Porous materials with high superficial areas, such as
silica gel, are recognized for their adsorption and catalytic
properties.1
Silica is a polymer of silicon oxide composed of tetrahe-
drons of SiO4 covalently bonded through the oxygen atoms.
It can be described as a cluster of elementary particles that
are produced in the first step of a sol-gel process. The clus-
tering process occurs in the second step of the sol-gel pro-
cess in which the elementary particles join together, produc-
ing larger aggregated particles, while the pores are formed by
interstitial spaces between these elementary particles in the
aggregation.1, 2
The types and density of silanol groups distributed on
the surface define the adsorptive properties of silica. The
silanol/siloxane ratio and the silanol type (vicinal, isolated,
or geminal) define the chemical properties of the surface and,
consequently, the energy and the orientation of the bonds with
the adsorbate. Vicinal and geminal silanols can interact simul-
taneously with some adsorbates as, for instance, water.1, 3
A very important property of silica is its high adsorption
capacity caused by the excess of surface energy due to the dis-
continuity of the three-dimensional network of the SiO4. Ad-
sorption is a physical-chemical process that reduces the free
energy of the surface through chemical bonds and/or interac-
tions with the adsorbate molecules. In the vapor phase, water
molecules adsorb on the silica surface, anchored, mainly, by
hydrogen bonds.1–4
When the molecules of water in the vapor phase interact
with silanol groups on the silica surface, a degree of freedom
is lost and the entropy is decreased. The silica surface can
impose a spatial organization of, at least, three water layers.
In the field force action of the surface forces, this region is
known as the high viscosity boundary layer (HVBL) and
the mobility of water is decreased and the properties are
drastically modified. This effect of the surface forces on the
a)Electronic mail: ceperles@gmail.com. Tel.: +55 19 3521-3429. Fax:
+55 19 3521-3023.
structure of the adsorbed water can be observed by the exis-
tence of an unfrozen layer even at temperatures as low as 173
K. Studies by differential scanning calorimetry, differential
thermal analysis, and inelastic neutron scattering indicate that
restrictions on the mobility imposed by the surface forces
hinder the molecules closer to the surface from acquiring a
crystalline structure (ice Ih or Ic).3, 5–9 Although the organiza-
tional degree acquired by these molecules on silica has been
extensively studied by several experimental and theoretical
techniques, there is still no final definition about this.9–12
Using simulations, Yang et al. (2004)13 suggested a struc-
ture similar to water filaments, as a unidimensional polymeric
chain, with water covering half of a statistical monolayer. He
also showed that with monolayer coverage occurs the forma-
tion of a structure similar to “ice tesselation,” composed of
square rings bound together and adhering to the surface of the
sílica by hydrogen bonds.
Condensed bulk water presents a structure with a high or-
ganizational degree for a liquid, being recognized as a pseu-
docrystal with an electronic structure similar to insulating ma-
terials, according to the Bloch model.14 Extended-state bands
in condensed water are obtained from the combination of the
molecular orbitals 1b2 and 3a1, electron donors, and 4a1 and
2b2, electron acceptors,15–17 and their relative structure can
be changed with the geometry and the force of the chemical
bonds and the water cluster size, as shown in the simulations
by Chipman,18, 19 Lee et al.,20 and Couto et al.21 These pa-
pers show how the electronic structure of condensed water
is directly influenced by the geometry and size of the water
clusters.
Alterations of relative and absolute energy of the water
bands can affect properties, such as electrical charging, and
allow exploration of the effect of the structural changes im-
posed by the surface on its electronic properties.
Contact electrical charging is a well-known phenomenon
but its mechanism is still not well understood. However, two
models have been developed which can, partially, explain
the experimental observations: (a) electronic and (b) ionic
partitioning.22, 23
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The more accepted mechanism is the electronic one, in
which electrons are transferred from material with higher to
that of lower Fermi level (energy of the outermost electrons),
when they are put into physical contact. The Fermi level of
metallic electrodes can be modified by temperature and/or a
voltage source. Electron transfer can occur in both directions,
depending only on the relationship between the Fermi energy
of the electrode and the conduction band of the insulator or
semiconductor in contact with this electrode. The electrons
can be added to bulk water or to clusters, generating species
such as (H2O)−n, known as hydrated electrons, i.e., one elec-
tron surrounded by a continuum of water molecules.24–27 This
electron can be localized in a cavity (s or p type), stabilized
by water dipoles or can be in a quasifree state, delocalized on
several molecules. However, the nature of this electron is still
not well known. More information about hydrated electrons
can be found in several references.28–32
In the case of ionic partitioning, ions adhered onto sur-
face are transferred between two surfaces by contact or colli-
sion, leaving the surfaces with unbalanced charges when they
are separated. These ions can be the counter ions of an ionic
solid or can be produced at the contact surfaces by redox re-
actions.
Both these models are used to explain experimental ob-
servations in electrostatic studies but the most suitable seems
to depend on the characteristics of the experiment, as shown
in recent papers.24–27 Gouveia and Galembeck24 showed that
water is a source and a sink of electrical charges and, there-
fore, the increase of the negative potential on the silica surface
while water desorption proceeds occurs due to the mechanism
of ionic partitioning. Ovchinnikova and Pollack25 suggested
the possibility of electrons being trapped in a network similar
to the n and p semiconductor regions.
In this work, we have studied the effect of the surface
on the spatial structure of surface water using electrons added
and removed from the electronic bands of adsorbed water as
electronic probes. In this study, electrical charges were in-
jected into the surface layer under a dc electrical field (EF)
up to 375 V mm−1. A first qualitative analysis of this phe-
nomenon, first described in a recent communication in this
journal,32 will be shown.
II. EXPERIMENTAL SECTION
A. Assembly of the experimental apparatus
The high voltage cylindrical cell (din = 90 mm, dout
= 110 mm, h = 80 mm) was made from PVC with a remov-
able top also of PVC having inner threads for fixation to the
cell body with an o-ring at the upper side of the cell body
for sealing. At the bottom, a hemispherical glass plate (2 mm
thickness) was fixed to the cell body by a PVC ring with inner
thread, allowing its exchange if necessary.
The high voltage electrode (aluminum disc d = 10 cm)
was fixed inside the cover and the hemispheric glass plate at
the bottom of the cell was placed on the grounding electrode
(aluminum disc d = 10 cm). These electrodes were assembled
to generate an electrical field perpendicular to the electrodes
and parallel to the center axis of the cylindrical cell. The
electrical field was generated by a dc high voltage source
(30 kV, 0.3 mA; Isbiotech). The rate of charge transport was
measured as electrical current, on the order of 100 nA, that
was amplified (amplifier built in the laboratory) and the signal
was converted by an analog/digital acquisition device (USB
– 6009, National Instruments). Figure 1 shows a schematic
representation of the assembled apparatus.
Light-scattering was used to monitor variations in the
number of particles flowing between the two electrodes, i.e,
the density of particles flowing between electrodes. The pho-
todetector was assembled on a printed circuit board using an
OPT-101 photosensor33 together with a signal amplification
circuit for sensitivity adjustment. A solid-state laser (5 mW)
emitting in the red spectral range, aligned with the photode-
tector window and positioned 90◦ was used as light source.
The high voltage system (cell + electrodes) was isolated
in an acrylic box with lateral holes to permit a dry airflow to
the cell, inside of the box. The relative humidity inside of the
isolation box (RHbox) was maintained below 25% by recircu-
lation of the air through of a drying column containing silica
gel with humidity indicator (Merck).
Control of the high voltage source, solenoid valve, peltier
element (temperature control of dry air for dehydration), and
the acquisition of all data (electrical current, dry air tempera-
ture, intensity of light-scattering) was done with software de-
veloped in LABVIEW R©.
B. Pretreatment of the silica gel samples
Three samples of silica gel (Sigma-Aldrich), with differ-
ent surface properties, were used as shown in Table I. The
samples were sieved and dried at 423 K for 24 h. After dry-
ing, the samples were placed in a dessicator and maintained
under vacuum. The density of surface silanol groups was ob-
tained by thermogravimetry (TGA).34
C. Hydration of the silica gel
In the experiments with hydrated silica, the samples, af-
ter pretreatment, were put in a chamber with constant rela-
tive humidity and temperature (74% ± 1%; T = 298 ± 1 K)
(Ref. 36) for a defined period of time (depending on the ex-
periment). The relative humidity inside of this chamber was
maintained constant by using a saturated NaCl solution and
was monitored by a thermohygrometer (TFA, Maxim II).
D. Experimental procedure of dehydration of the
silica exposed to an electrical field
After pretreatment, the dried silica samples were quickly
weighed (1.0000 g) and transferred to the humidity cham-
ber for 72 h (adsorption equilibrium). Afterwards, the sam-
ples were removed from the humidity chamber, weighed, and
quickly transferred to the cell, which was closed and put in-
side the isolation box. The aluminum electrode, fitted in the
inner side of the cover, was immediately connected to the pos-
itive pole of the high-voltage source.
Before starting the experiment, the relative humidity
inside the isolation box (RHbox) was reduced to <25% by
recirculation of the box air through the drying column and,
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FIG. 1. Upper: Schematic representation of the system assembled for studies in an electrical field. Lower: a representation of the light-scattering cell.
afterwards, the experiment was started by the software,
switching on the solenoid valve (opening dry air flow) and
the high voltage source.
The slow dehydration of silica gel inside was made by
pulling the water vapor of the atmosphere from inside of the
cell using a flow of 1 L min−1 of dry air.
The gravimetric experiments followed the same proce-
dure above but the whole cell was frequently weighed on
a semi-analytical balance, throughout the dehydration time.
The curves of electrical current or mass loss vs. dehydration
time, (i x t) and (mH2O x t), respectively, are shown in the
same plot.
III. RESULTS
At the beginning it was observed that when a silica sam-
ple, initially deposited on hemispherical plate on the lower
electrode, was exposed to a dc electrical field of 375 V m−1,
the particles were hurled by this electrical field to the high
voltage electrode, colliding with it and then returning to the
plate on the lower electrode (ground), restarting the cycle.
This phenomenon attracted our attention because silica gel is
an insulating material in these conditions.
In the next step, after heating the samples of silica gel at
T = 423 K for 24 h to dehydrate them, no visible movement of
particles in the electrical field was observed. It was possible to
conclude that the particle charging could be attributed to the
layer of water adsorbed on the silica that, in some way, was
electrically charged until the electrostatic force overcame the
opposite forces and, consequently, could be attracted to the
upper electrode.
Based on these preliminary observations a very interest-
ing study on the capacity of condensed water to store elec-
trical charges in its electronic structure and the possibility
to study this electronic structure using injected electrons as
probes was developed.
A. Experiments of current vs. intensity
of the electrical field
In the first place it was necessary to verify the relation-
ship between the electrical current, variations in the number
of flowing particles, and the intensity of the EF.













(δ SiOH /SiOH nm−2)
SG1 172 0.63 616 3.7 0.76 3.3
SG2 170 0.54 537 5.8 0.79 3.8
SG3 173 0.45 319 9.6 0.96 4.8
aValues obtained by interpolation with data shown in Ref. 35.
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FIG. 2. Curves as functions of the intensity of electrical field: (a) current x EF; (b) light-scattering x EF; (c) normalized current x EF; (d) normalized light-
scattering intensity x EF.
When hydrated silica samples are exposed in an increas-
ing electrical field (see Sec. II), the number of flowing parti-
cles between the electrodes increases as the electrical current
increases, as is shown in Figs. 2(a) and 2(b). In these experi-
ments, the cell was sealed to maintain the humidity constant
on the silica surface.
Normalizing the curves in Figs. 2(a) and 2(b) by max-
imum electrical current, as shown in Figs. 2(c) and 2(d),
the same behavior is observed, independent of the surface
properties. Analyzing these curves, an electrostatic threshold
(∼175 V mm−1) can be noted before a significant amount
of particles start to flow. At this point, it can be considered
that the electrostatic force ( FE ) annuls the opposing forces
( Fop) acting on these particles. In these experiments it
was observed that variations in the number of flowing parti-
cles and the electrical current transported by these particles
are not linear, as can be seen in Fig. 3.
There are two hypotheses to explain this: (1) the den-
sity of electrical charges on the particles increases up to
310 V mm−1 or (2) when the intensity of the electrical field is
increased, heavier particles acquire sufficient electrical charge
to annul Fop, transporting more electrical charges by each
particle.
Unfortunately, it is not possible to calculate a numerical
value of the density of the electrical charges on one particle,
because the detection system of the scattered light gives
a signal, in volts, proportional to the number of particles
flowing but not an absolute number of these flowing particles.
Figures 2(a) and 2(b) also show that in both the light-
scattering and the charge transport plots, each sample has dif-
ferent intensities of response, which seem to be related to the
FIG. 3. Difference between normalized electrical current x EF and normal-
ized scattered intensity x EF curves, from data of Fig. 2.
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amount of water adsorbed, which, in turn, is related to surface
properties such as area, porosity, and pore diameter.
B. Dehydration experiments in the electrical field
In these experiments, the idea was to slowly dehydrate
the silica particles in constant dc electrical field (375 V mm−1)
and to monitor the behavior of charge transport by these par-
ticles when the hydration layer becomes thinner and the outer
hydration layer is nearer to the surface. As can be observed
in Fig. 4, the electrical current changes while the dehydra-
tion proceeds, suggesting that the thickness of the water layer
adsorbed influences the transport of electrical charge by the
particles.
It is important to point out that in a preliminary study us-
ing the same range of the experimental values of relative hu-
midity inner of the cell (RHin) and around of the cell (RHbox),
the electrical current transported through the air was lower
than 0.005 μA and considered negligible for the experimental
results.
The curves in the Fig. 4 show the electrical current trans-
ported by each silica sample during the slow dehydration pro-
cess under a constant dry airflow (1 L min−1).
From these curve profiles, three important characteristics
are noted,
FIG. 4. Electrical current vs. time: (a) constant humidity and (b) slow de-
hydration of the hydrated silica by dry air flow (1 L min−1), under constant
electrical field (375 V mm−1).
 when the dehydration proceeds gradually, the electri-
cal current initially decreases, reaching a minimum
value, then increases to a maximum value and, finally
falls to zero. The time that the minimum and maximum
current values occur seems to be related to physical
properties of each material. Figure 4(b) shows that the
time of the ipeak with the dehydration is directly pro-
portional to surface area and inversely proportional to
the pore diameter.
 The three silica samples have similar maximum val-
ues of electrical current (peak current, ipeak) suggest-
ing that along with dehydration, the “electron affinity”
of the superficial water is, for some reason, modified.
One hypothesis is that the electron affinity can be re-
lated to the space organization acquired by water due
to the structural effect imposed by the silica surface,
which decreases with distance from the surface.
 With constant surface humidity no significant changes
were observed in the electrical current during the time
of exposure in the electrical field (Fig. 4(a)) show-
ing that the capacity of transport of charges by parti-
cles was maintained unaltered, without any degrada-
tion under the field of 375 V mm−1, suggesting that
a Faradaic process and, consequently, ion generation
seems less probable.
C. Kinetics of dehydration
Figure 5 shows the curves of electrical current and the
kinetics of dehydration with dehydration time.
In Figs. 5(a) and 5(b), a common behavior in the gravi-
metric curves can be observed with three kinetic constants
of dehydration due to the different interaction forces between
the molecules of water and the silica surface. It is known that
the interaction energy between water and the silica surface is
higher near to the surface than away from the surface, where
the structure of the “bulk water” prevails.
Figure 5(c) shows that the gravimetric curve of sample
SG3 has only two kinetic constants. This can be attributed to
the inexistence or a very small content of bulk water, so that
the interval between the weighings and the precision of the
balance impeded the detection of the last step of the gravi-
metric curve. The low frequency of the weight is a limitation
imposed by the experimental procedure.
The correlation of electrical current and gravimetric
curves show that the period of time of the second dehydration
kinetics coincides with the maximum of the electrical current,
reinforcing the hypothesis that the “electron affinity” is asso-
ciated with the type of superficial water and, consequently, its
spatial organization.37, 38
D. Electrical current vs. RHin and rate of variation of
the number of particles in the flow during dehydration
To discard relationships between RHin changes and the
electrical current, the RHin was monitored during the dehy-
dration and the results are shown in Fig. 6.
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FIG. 5. Averaged curves and kinetics of dehydration of silica samples during dehydration with a flow of dry air (1 L min.−1, 298 ± 1 K) under constant
electrical field: (a) SG1; (b) SG2, and (c) SG3. The electrical current peaks correspond to the capacitive current, characteristic of the shifting of the electrodes
after the weighing of the system (cell + silica).
Figure 6 indicates that the electrical current transported
by the silica particles increases even when the RHin decreases,
giving maximum values between 30% and 45% of RHin.
Although the data presented suggest that the electrical
current is associated with organized water adsorbed on sil-
ica, it is possible that the increase of electrical current along
with dehydration, up to the peak value (Figure 4(b)), occurs
due to an increase in the number of particles flowing in the
EF. To evaluate this hypothesis, the monitoring of variations
in the number of particles flowing as functions of the EF was
made by light-scattering. The response of the photodetector,
in volts, is directly proportional to the intensity of light that
arrives at the detector. The results are shown in Fig. 7.
Analysis of these plots indicates that the electrical cur-
rent does not follow the same tendency of the rate of variation
of the number of particles flowing since it was observed that,
starting from t = 0 s, the electrical current declines while the
number of particles flowing increases. After reaching a min-
imum, the electrical current increases until reaching a peak,
while the number of flowing particles declines continually to
the end of the dehydration, confirming the hypothesis of that
the “electron affinity” of the adsorbed water changes along
with gradual dehydration.
IV. MODEL OF FORCES
To try to explain the experimental observations, a model
was developed to evaluate the significant forces that act on an
ideal system composed of two spherical particles of silica gel
in contact, as represented in Fig. 8. As the silicas used in this
work have irregular shapes, the objective with this approach is
to know the magnitude of each force component and to define
those that are significantly acting on this particle.
For a silica particle to migrate vertically to the positive
electrode, the electrostatic force ( FE ) should annul the oppo-
site forces ( Fop) acting on this particle, which is composed
of the capillary force ( FC ), van der Waals forces ( FvdW), the
electrostatic forces ( Felect ), the binding forces ( FB), and the
gravitational force ( Fg), according to Eq. (1),39
Fop = FC + FvdW + Felect + FB + Fg. (1)
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FIG. 6. Correlation curves between the relative humidity inside the cell and
the current for silica samples. These experiments were started with the sam-
ples hydrated to equilibrium (RH = 74% and T = 298 K).
FIG. 8. Model used to estimate van der Waals and capillary forces. Condi-
tions: R = Xm/ 2; φ ∼ 0; r2  r1; D  R.


























































































































FIG. 7. Curves of light-scattering intensity and current as functions of the dehydration time, under constant electrical field and dry air flow (375 V mm−1 and
1 L min−1): (a) SG1; (b) SG2, and (c) SG3.
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As the silica gel surface has no unoccupied chemical
bonds and it should not have electrical charges, so it is as-
sumed that components FB and Felect can be neglected.39
The estimate of each component of Fop was made consid-
ering the mean size of the particle (Xm), from Table I, as the
diameter of the spheres of silica used in an idealized model.
The estimate of the magnitude of each force component is
discussed separately below.
A. Gravitational force
The gravitational force ( Fg) is the simplest component of
force and can be calculated by Eq. (2), where g = 9.8 m s−2,
dB = bulk density43 (Table I) and Xm = diameter of particle,





From Eq. (2), the Fg acting on a particle of silica gel is es-
timated to be between 12 and 16 μN for dry particles. For hy-
drated particles in equilibrium under the conditions described
in Sec. II, this force is estimated to be between 14 and 25 μN.
B. van der Waals forces
The van der Waals force ( FvdW) is proportional to the
contact surface and the dielectric constant of the medium in
which the particles are immersed. Therefore, this component
of force must be estimated for two conditions: dry and hy-
drated silica particles. The model shown in Fig. 8 was used to
calculate FvdW, using Eq. (3), where A = Hamaker parameter
= 10.38 × 10−20 J for air, and 1.9 × 10−20 J for water, and D
= 0.2 × 10−9 m for dry, and 2.0 × 10−9 m for hydrated silica




For the conditions described, the value of FvdW was estimated
as 0.034 μN for hydrated particles connected by capillary
bridges, as shown in Fig. 8. As can be seen, the FvdW is
considerably lower than Fg for particles hydrated at equilib-
rium in the chamber with 74% relative humidity (see Sec. II).
However, the FvdW between two dry particles is estimated as
18 μN.
C. Capillary force
The last component of Fop is the capillary force ( Fc)
which, for macroscopic particles, is described by Eq. (4),
where R = Xm/2, γ = water surface tension = 72.14 mN m−1
(298 K), and θ = contact angle = ∼0◦ for a water/silica
interface,39, 40
FC = 4πγL R cos θ. (4)
The Fc estimated by Eq. (4) is found to be 77 μN. As shown
by this equation, for macroscopic particles, Fc is independent
of the hydration. This approximation is correct for smooth
surfaces. For microrough surfaces, the Fc increases with the
surface humidity and can be two times the estimate made by
Eq. (4) (Refs. 40 and 41).
D. Conclusions about opposite force ( Fop)
With the estimated values of Fop components acting on
a silica particle, it was possible to consider that only Fg and
Fc components are significant. The intensity of both forces
increase with hydration. During dehydration, Fc goes to zero
and Fop becomes equal to Fg , as shown by Eqs. (1)–(4). Ac-
cording to these estimates, Fc + Fg corresponds to ∼90 μN.
FvdW is negligible for hydrated particles (only 0.034 μN for
three water layers) but it increases to 18 μN when the parti-
cles are completely dried. These forces will be used to analyze
qualitatively the electrostatic phenomenon observed.
E. Steps of the process of charge transport
To discuss the experimental observations, electrical
charge transport was separated into three elementary steps,
where each one can directly influence the process of charge
transport and, consequently, the experimental results.
In the following treatment, the water film on the silica
surface will be considered as a pseudocrystal having an elec-
tronic structure of bands, similar to insulating bands, in such a
way that the electrons are injected from the electrode directly
into the conduction band of this film and the electron is in a
quasifree state.
In the first step, it is considered that the surface water
film on one particle merges with that on particles with which
it is in direct contact, forming a continuous film covering
all particles. When the applied potential between the elec-
trodes is increased at some moment, the energy of the elec-
trons (Fermi level, Ef) of the grounded electrode becomes
higher than the energy of the conduction band (CB) of the
water film adsorbed on the silica, and the electrons of this
electrode are spontaneously transferred to this band and this
water film acts like a continuous electrical conductor cover-
ing all particles, distributing the electrical charge injected by
the grounded electrode over the surface of all interconnected
particles. When the electrical charge on one particle reaches a
value in which the electrostatic force ( FE ) acting on the par-
ticle annuls Fop (Eq. (5)), the connection with the other parti-
cles due to surface film is broken and the particle is hurled to
the positive electrode,
Fop = FE . (5)
The second step is the migration and comprises the pro-
cess between the moment in which the particle starts mov-
ing and that in which this particle collides with the positive
electrode. The speed of migration depends on the accelera-
tion at the moment in which the particle breaks away. Since
component Fc is eliminated when the capillary bridges are
broken, the particle will be transported with acceleration pro-
portional to Fc, according to Eq. (6), where qEC and FEC are
the electrical charge and the electrostatic force necessary to
annul the capillary force and E is the intensity of electrical
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FIG. 9. Schematic representation of the three steps suggested for the charge









The third step (final step) comprises the moment in which
the hydrated particle collides with the positive electrode and,
during contact, transfers all the excess of charge added into
the CB of the water film and, if possible, also part of the elec-
trons of the valence band (VB). The electrons in the VB of
the water can be removed when the Fermi level (Ef) of the
electrode becomes smaller than the VB of the water film.
A graphical representation of this “three step mecha-
nism” is shown in Fig. 9.
The following discussion will be based on this model of
forces and the ideal description of the charge transfer process.
V. DISCUSSION
Recent papers have shown that water can be a more im-
portant component in the electrification of surfaces than sim-
ply to increase conductivity and to facilitate the dissipation of
electrical charges24. It was shown that water in the condensed
state can store ionic24 or electronic25 charges.
In this work, the function of a thin film of water on a
silica surface in the electrification process of these particles
was investigated. For this, the hydrated silica particles were
electrically charged on the grounded electrode in an electrical
field of up to 375 V mm−1 (voltage of 30 kV). Patterns of
charge transport as a function of the superficial humidity for
three silica samples were observed that had similar chemical
characteristics but different superficial (physical) properties.
To explore this phenomenon, the charge transported by
hydrated silica in an electrical field was studied under two
different conditions: (a) the surface humidity was maintained
unchanged and the electrical field was scanned between 0 and
375 V mm−1; (b) the electrical field was maintained constant
at 375 V mm−1 and the surface humidity was decreased by a
flow of 1 L min−1 of dry air. These two conditions are dis-
cussed separately in the following paragraphs.
A. Experiments with constant surface humidity
In the first experimental condition the charge transport
by hydrated silica was studied maintaining constant the mass
of water adsorbed on silica particles (water adsorbed up to
equilibrium at 74% relative humidity) and the electrical field
intensity was scanned between 0 and 375 V mm−1. Under
this experimental condition, the curves of electrical current
vs. electrical field intensity (Figs. 2(a) and 2(b)) show that all
samples behave in the same way as functions of the electrical
field intensity, which is more evident in the normalized curves
shown in Figs. 2(c) and 2(d). A peculiar characteristic of these
curves is the sudden increase in the rate of electrical charge
transported at 225 V mm−1, which can occur by an increase
in the number of particles flowing in the electrical field or by
an increase in the number of electrical charges transported by
each particle.
Comparing Fig. 2(a) with the Fig. 2(b), it is observed that
the rate of charge transport increases more rapidly than the
number of particles flowing up to ∼310 V mm−1. This can be
better observed by the difference between these two curves,
as shown in Fig. 3. Therefore, the first hypothesis can be ne-
glected and it is possible to attribute the increase of the rate of
charge transport, to the number of charges transported by the
particle.
According to the treatment shown in Sec. IV, by analyz-
ing the forces acting on a particle with constant mass exposed
to an electrical field, it is possible to conclude that the number
of charges injected by the grounded electrode into the elec-
tronic structure of the water layer, generating hydrated elec-
trons (H2O)n−, depends on the opposite force ( Fop) because
when FE annuls Fop the surface film is broken and the parti-
cle is hurled to the positive electrode, the electrical charging
is suddenly interrupted. As the hydration and, consequently,
the total mass (silica + water) are constant, the Fop ( Fc +
Fg) can be considered constant and the number of electrical
charges that satisfies Eq. (5) should be constant. This does
not justify the experimental observations. The van der Waals
force ( FvdW) is negligible in these experimental conditions.
Based on the third step of charge transport process,
when a hurled particle collides with the positive electrode,
the electrical charges are transferred to this electrode. If only
the excess of electrons added in the CB of the water layer is
removed, the rate of charge transfer would be constant. But,
if during the short time contact with the positive electrode not
only the excess of injected charges is transferred from the CB
of the water film to the electrode but also part of the electrons
in the VB, making the particle positively charged after
contact, more charges would be transported by each particle
and the break observed at ∼225 V mm−1 in the curves shown
in Figs. 2(a) and 2(c), could be related to the beginning of
the transfer of electrons from the VB, when the Ef (energy
of outermost electrons) of the electrode falls below of the
top of the VB of water film. With this suggestion, this break
in the curves of Figs. 2(a) and 2(c) can be a manifestation
of band gap and the electrical field in which it occurs can
be evidence of the energy of the band gap of the water film
structure.
Experiments with both superficial humidity and electri-
cal field constant have shown that the electrical current trans-
ported by the particles is constant with time (Fig. 4(a)), sug-
gesting that the electrical charge on the particles is mainly
from electrons injected by the grounded electrode into the ad-
sorbed water film on the silica particles. In a Faradaic process
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
143.106.108.169 On: Mon, 29 Jun 2015 18:00:33
214703-10 C. E. Perles and P. Volpe J. Chem. Phys. 134, 214703 (2011)
the chemical species are consumed and the electrical current
must decrease with time in electrical field.
B. Experiments with electrical field constant
To explore the effect of the thickness of the water film
on charge transport, the silica gel was slowly dehydrated by a
constant flow of dry air through the cell, reducing the thick-
ness of the water film adsorbed on the silica surface.
In the curves of electrical current versus dehydration
time, shown in Fig. 4(b), the rate of charge transport shows
a characteristic behavior with dehydration, increasing to a
maximum value (ipeak) and decreasing up to the end of de-
hydration. Based on these experimental observations, in the
proposed model it can be supposed that the rate of transport
of charges is influenced by variations of number of particles
flowing between the electrodes and the variation of the hu-
midity in the cell (RHin). However, by monitoring the varia-
tions of the number of particles flowing by light-scattering, it
was observed (Fig. 7) that the number of particles does not
vary proportionately to the rate of charge transport. This ex-
perimental data allow discarding the effect of increases in the
number of flowing particles between the two electrodes in the
profile of the curves shown in Fig. 4(b). Similarly, a possible
increase in the relative humidity in the cell (RHin), increasing
the electrical conductivity of the air, cannot explain the pro-
file observed in the curves in Fig. 4(b) because, as can be seen
in Fig. 6, the (RHin) decreases continuously throughout the
experiment time.
After discarding RHin and the number of particles
flowing as responsible for the profile of the curves shown in
Fig. 4(b), a model of forces (Sec. IV) was applied to try
to explain the charge transport under these experimental
conditions. According to Eq. (5), and as discussed for the
curves in Fig. 3, the transport of electrical charges at the
first step is limited by Fop, composed mainly of Fg and Fc,
which decrease with dehydration. It is important to comment
that FvdW is initially negligible (∼0.034 μN with ∼3 water
layers) and increases with dehydration up to 18 μN for
completely dried particles. Thus, Fop, considering the FvdW
component, would decrease from ∼90 μN to ∼30 μN.
However, considering this force component in Fop does not
modify the qualitative analysis of the proposed model.
In the second step, migration, the acceleration in which
the silica particle is hurled is proportional to FEC, which also
decreases along with dehydration. Thus, the increase of rate
of the charge transport with dehydration until ipeak (Fig. 4(b))
can be attributed, mainly, to the third step of the suggested
model of charge transport, in which the charge transfer de-
pends on the energy of the electronic bands of water and the Ef
of the positive metallic electrode. The increase in the charge
transport can be explained because, in addition the electrons
added into the CB, part of electrons of the VB of water are
removed during contact with this electrode. However, for the
positive electrode at constant potential (30 kV; 375 V mm−1)
to remove more charges from the VB of the water along with
dehydration, the energy of this band must be modified be-
cause the energy of the electrons of the metallic electrode
(Ef) is constant with temperature and with applied potential
constants.
This hypothesis is based on studies that show that, in
dielectric relaxation experiments, the molecules in the first
adsorption layer are strongly bound to the surface, changing
the geometries and, consequently, the energy of the hydrogen
bond between water molecules.18, 19, 21, 42 Therefore, it can be
suggested that, with the decreasing thickness of the hydration
layer, through dehydration with a dry airflow, the more exter-
nal layers become closer to the surface, the hydrogen bond
energy decreases due to the influence of the surface silanol
groups and the top of the VB of water increases, allowing part
of the electrons in this band also to be transferred to the pos-
itive electrode, which could explain the increase in the elec-
trical current during dehydration, as observed in the profile of
the curves in Fig. 4(b). In Fig. 5, it can be observed that the
increase of charge transport occurs when the water film reach
a thickness of ∼1.5 statistical water layers and reaches the
maximum value when there are ∼0.4 statistical water layers,
corroborating this proposed model.
If this qualitative model is confirmed, it can become a
good method to study the effect of the surface on the spatial
organization of water. Theoretical papers have already pre-
dicted an increase of electronic affinity with the size of the
water cluster and also with the alteration of angles and bond
forces of isolated water molecules.18, 19, 21
VI. CONCLUSIONS
In this work, the electrical charges transported by hy-
drated silica particles and the role of surface water on this
electrification phenomenon was investigated. The electrifica-
tion phenomenon is much studied, however little understood.
From the data presented, we have shown the participation of
water in the observed phenomenon and its electrical behavior
under an electrical field.
To assay the phenomenon, the charge transport process
was separated into three elementary steps, of which the first
and third steps depend on the relationship the between elec-
tronic bands of the water film and the Fermi level of the elec-
trode, while the second step depends on the vertical migration
between the two electrodes. Based on an idealized model, the
forces acting on a silica particle were estimated and suggested
some hypothesis to explain the observed results.
With this first analysis of this phenomenon, the charge
transport process realized by hydrated silica seems to occur
by electrostatic charging of the water film adsorbed on the
silica, by injection of electrons into “conduction band” of this
condensed water, which is directly dependent on the thickness
of the water layer.
The possible alteration of the electronic properties of the
condensed water on the surface shows the structural differ-
ences between the first and the other layers of adsorbed wa-
ter, providing alterations in the electron affinity of the water
condensed on the silica particles.
This paper presents a first qualitative analysis of this
new phenomenon and much work is still needed to prove the
mechanism shown here and to lead to a better understanding
of this electrostatic phenomenon.
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